Objective: To estimate the value of first or second trimester placental growth factor (PlGF) as an additional antenatal screening marker for Down syndrome.
Introduction
Placental growth factor (PlGF) is an angiogenic hormone which has been shown to be useful in late first trimester and early second trimester antenatal screening for pre-eclampsia. First trimester levels were found to be 36% lower in women who developed early pre-eclampsia compared to unaffected controls [1] and early second trimester levels were 30% lower. [2] The value of PlGF in screening for Down syndrome is less clear. Five studies have reported results on PlGF measured in the late first trimester (11 to 13 weeks' gestation). Four of these showed, on average, reduced PlGF levels in Down syndrome compared with unaffected pregnancies (22% [3] , 24% [4] , 29% [5] and 38% [6] lower based on 91, 70, 90 and 42 affected pregnancies respectively) and one study found a higher level in affected pregnancies (26% higher based on 45 affected pregnancies [7] ). In the second trimester three studies reported PlGF results; one showed reduced levels (33% lower based on 24 affected prengnancies [8] ), one increased levels (42% higher based on 36 affected pregnancies [9] ) and one no material difference in Down syndrome compared with unaffected pregnancies (1% higher based on 39 affected pregnancies [10] ).
The uncertain value of PlGF in antenatal screening for Down syndrome prompted us to investigate the matter further by comparing the screening performance with and without (i) first trimester PlGF measurements added to the Combined test (nuchal translucency [NT] , free b-human chorionic gonadotrophin [hCG] and pregnancy associated plasma protein A [PAPP-A] measured between 11 and 13 weeks' gestation), (ii) second trimester PlGF measurements added to the early second trimester Quadruple test (alphafetoprotein [AFP] , unconjugated oestriol [uE 3 ], free b-hCG and inhibin-A measured between 14 and 22 weeks' gestation), (iii) first trimester PlGF measurements added to the Integrated test (first trimester NT and PAPP-A and second trimester AFP, uE3 free b-hCG and Inhibin-A) and serum Integrated test (Integrated test without NT) and (iv) early second trimester PlGF measurements added to the Integrated and serum Integrated tests.
Methods
According to guidelines from the National Research Ethics Committee, our research does not require research ethics committee approval as serum samples were collected as part of a routine antenatal screening programme. Women are informed of the possible subsequent use of samples in research or screening programme audits, so they could indicate to the programme staff that they did not want their samples used. The research analysis was conducted on anonymised samples and data.
We Frozen (240uC) stored samples were thawed and assayed for placental growth factor using the AutoDELPHIAH PlGF kit (Perkin Elmer). The samples were assayed ''blind'' i.e. without knowledge of whether the samples were from a Down syndrome or unaffected pregnancy. The inter-assay coefficient of variation was 7.5% and intra-assay coefficient of variation 3.9%. Serum from women screened using the Combined and Integrated tests was used to assess first trimester PlGF, and serum from women screened using the Quadruple and Integrated tests was used to assess second trimester PlGF.
PlGF concentrations were expressed as multiples of the median (MoM) for unaffected pregnancies of the same gestational age by performing a regression of the log median PlGF against the median gestational age in 2-day categories for first trimester measurements and weekly categories for second trimester measurements (weighted by the number of women in each category) and dividing PlGF concentrations by the regressed (i.e. expected) concentration for the same gestational age. MoM values were adjusted for maternal weight by performing a regression of the log median MoM values against weight in unaffected pregnancies and dividing MoM values by the regressed value for the same weight. Associations between weight adjusted PlGF MoM values and maternal smoking and ethnicity were also determined and MoM values further adjusted as required. The change in median MoM in Down syndrome pregnancies was investigated by performing a regression of the median PlGF MoM against the median gestational age in 2-day categories for first trimester measurements and weekly categories for second trimester measurements (weighted by the number of women in each category; 19 to 22 weeks were combined into one category due to the small numbers of Down syndrome pregnancies with PlGF measurements beyond 18 weeks' gestation). Probability plots and, if appropriate, the approximate point of risk reversal (to ensure risk estimation is a monotonic function of the marker value [11] ) were used to specify truncation limits within which the range of values for PlGF approximately followed log-Gaussian distributions in affected and unaffected pregnancies.
Median PlGF MoM values were used as the measure of central tendency to avoid the influence of outliers and their log values as estimates of the means. Standard deviations (log) were calculated by regression of the points on the probability plot between the 10 th and 90 th centiles and correlation coefficients with the standard Down syndrome screening markers (first trimester NT, free bhCG and PAPP-A and second trimester AFP, uE3 free b-hCG and Inhibin-A) were calculated after excluding points more than 3.5 standard deviations from the mean (correlations between first trimester PlGF and second trimester markers, and second trimester PlGF and first trimester markers were estimated using data from women screened using the Integrated test). Log means and standard deviations of the standard Down syndrome screening markers and correlation coefficients were taken from the SURUSS report. [12] [13] [14] [15] .
Monte Carlo simulation was used to estimate screening performance instead of numerical integration as used previously [12] [13] [14] [15] (because Monte Carlo simulation is computationally faster). Hypothetical random samples of 250,000 Down syndrome and 250,000 unaffected pregnancies were generated based on the specified Gaussian distributions. Each simulated pregnancy was assigned a maternal age based on the maternal age distribution of (instead of 1996-1998 as used previously, so screening performance figures of tests without PlGF will be expected to be a little different from those previously reported. [12] [13] [14] [15] ) and the maternal age-specific odds of an affected livebirth. [17, 18] For each simulated pregnancy, the predicted risk of having a pregnancy with Down syndrome in the early second trimester was calculated by multiplying the maternal age specific odds of having an affected live birth adjusted to early mid-trimester by multiplying by 1/0.77 to allow for the general fetal loss in Down syndrome pregnancies from this time in pregnancy until term [19] by the likelihood ratio (for a given set of marker values) obtained from the overlapping multivariate Gaussian distributions of marker levels in affected and unaffected pregnancies. A woman was classified as screen positive if her risk of having a pregnancy affected with Down syndrome was greater than or equal to a specified risk cut-off level. Screening performance estimates were calculated as the detection rate (DR) for false-positive rates (FPR) of 1, 3 and 5%, the FPR for DR's of 85, 90 and 95% and the DR and FPR for early second trimester risk cut-offs of 1 in 100, 1 in 150 and 1 in 200.
Results Table 1 shows the number of pregnancies screened classified according to test, gestational age when screened, and selected characteristics of the Down syndrome and unaffected pregnancies. The distributions of the variables in the two groups were similar. Figure 1a shows the concentration of late first trimester (11-13 completed weeks) PlGF in affected pregnancies according to gestational age together with the expected (regressed) median concentration in unaffected pregnancies. The median PlGF in unaffected pregnancies increased by 31% per week of gestation (p,0.001). Figure 1b shows the corresponding data for early second trimester PlGF (14- Inspection of probability plots of PlGF MoM values in Down syndrome and unaffected pregnancies showed that the distributions were reasonably Gaussian between 0.4 to 2.5 MoM (see figure in Appendix S1). The standard deviations of the first and second trimester log PlGF MoM values were, respectively, 0.1705 and 0.2243 in affected pregnancies and 0.1556 and 0.1786 in unaffected pregnancies. As a single marker the PlGF detection rates for a 5% false-positive rate were 14%, 26% and 41% at 11, 12 and 13 completed weeks respectively and 27%, 21% and 16% at 14, 15 and 16 weeks. Table 3 shows the screening performance of the Combined, Quadruple, serum Integrated and Integrated tests with and without the addition of PlGF at specified detection rates and at specified false-positive rates. The addition of a first trimester measurement of PlGF improves the screening performance of the Combined test; at a 90% detection rate the false-positive rate decreased from 6.7% to 6.1% with markers measured at 11 completed weeks of gestation and from 11.1% to 5.1% at 13 completed weeks' gestation. The addition of a second trimester PlGF measurement to the Quadruple test had little influence on screening performance; for example, at a 90% detection rate the false-positive rate decreased from 10.0% to 9.6% if PlGF is measured at 15 completed weeks' gestation. Results with PlGF measured at 14 and 16 completed weeks' gestation are similar [9.4% and 9.7% respectively] and so second trimester screening performance estimates are not shown in the Table.  Table 3 shows that at a 90% detection rate the addition of first trimester PlGF measurement to the Integrated test reduces the falsepositive rate from 1.5% to 1.4% at 11 completed weeks' gestation and from 3.4% to 1.5% at 13 completed weeks. The addition of a second trimester PlGF measurement at 15 completed weeks' gestation to the Integrated test reduces the false positive rate from 1.5% to 1.3% when first trimester markers are measured at 11 completed weeks' gestation and from 3.4% to 2.9% when first trimester markers are measured at 13 completed weeks. The results are similar if PlGF is measured at 14 or 16 completed weeks' gestation. As with the Integrated test, the addition of a first trimester PlGF measurement to the serum Integrated test improves screening performance but a second trimester PlGF has little effect (Table 3) . Table 4 shows, in a similar way to Table 3 , results according to risk cut-off. Table 5 shows the overall screening performance (first trimester markers measured at 11-13 weeks' gestation) with and without the addition of first and second trimester PlGF to the Combined, Serum Integrated and Integrated tests assuming equal numbers of women screened at each week of gestation in the first trimester. The addition of a first trimester PlGF measurement decreases the overall false-positive rate by about one third. For example, at a 90% detection rate, the overall Combined test falsepositive rate decreases from 8.8% to 5.8% and the overall Integrated test false-positive rate from 8.3% to 5.7%. Probability plots of PlGF MoM values and the statistical parameters (means standard deviations, correlation coefficients and truncation limits) used in this study for the estimation of screening performance are shown in the Appendix S1.
Discussion
In the late first trimester our results show that PlGF levels are reduced in Down syndrome pregnancies at 11, 12 and 13 completed weeks of gestation. The levels are lower at 12 than 11 weeks and lower at 13 than at 12 weeks. Correspondingly, the improvement in screening performance due to the addition of Table 4 . Screening performance according to risk cut-off of the Combined, Quadruple and Integrated tests with and without the addition of first or second trimester placental growth factor (PlGF) according to gestational age markers are measured. PlGF to the Combined, serum Integrated and Integrated tests increases over these weeks. For example, with the Combined test, the addition of PlGF at 11 completed weeks' of pregnancy decreases the false-positive rate at a 90% detection rate by 0.6 percentage points (6.1% v 6.7%) but by 6 percentage points at 13 weeks (5.1% v 11.1%). Other first trimester studies on PlGF do not report results by individual weeks. Their overall results are consistent with ours in four studies [3] [4] [5] [6] , but not in one. [7] . The screening performance of the Combined (and also the serum Integrated test) is best if the first trimester markers, including PlGF, are measured at 13 completed weeks. However, the performance of the Integrated test is similar when the first trimester markers, including PlGF, are measured at 11, 12 or 13 completed weeks; the addition of PlGF thus removes the advantage of performing the first stage of an Integrated test at 11 weeks compared with 12 or 13 weeks.
In the early second trimester of pregnancy PlGF values in Down syndrome pregnancies tend to be reduced, but increase towards the normal median with increasing gestation, possibly increasing above the median and the standard deviation of second trimester values is greater than that of first trimester values. Both of these effects mean that the measurement of PlGF in the second trimester does not offer a clinically significant improvement in screening performance.
We used a linear regression model in the first trimester and a separate linear regression in the second trimester to quantify the PlGF levels in affected pregnancies according to gestational age; both regression models fitted the data reasonably well (see Figure 2) , and fitted better than a single quadratic regression using all the data together. Separate linear regressions also have the advantage of being more stable.
PlGF has been shown to be a useful marker in prenatal screening for pre-eclampsia in both the first and second trimesters of pregnancy. [1, 2] A first trimester PlGF measurement could be used as part of the Combined, serum Integrated or Integrated tests for Down syndrome as well as in screening for pre-eclampsia. There is some benefit for a second trimester measurement of PlGF if women book too late for a Combined, serum Integrated or Integrated test even though the improvement in the performance of antenatal screening for Down syndrome is small.
In estimating screening performance using first trimester markers alone compared with that using the Integrated test markers, there can be bias if the first trimester markers are associated with miscarriage at about 10-14 weeks. This, for example, affects PAPP-A, in which low values are associated with miscarriage as well as with Down syndrome. [12] Any effect of PlGF being associated with miscarriage in this period is likely to be small, if present at all, because in our data there wase no significant difference in the median PlGF MoM in affected pregnancies tested using the Combined test and those tested using the Integrated test (0.70 and 0.66 respectively, p = 0.35).
The financial cost of including first trimester PlGF measurement in the Combined, Serum Integrated and Integrated tests depends on when the first trimester markers are measured. If measured at 11 weeks, the cost per Down syndrome pregnancy diagnosed is about £300 more expensive with the Combined test and £600 more expensive with the Integrated test. Measured at 12 weeks, costs are £2,500 less for the Combined test and £100 less for the Integrated test; if measured at 13 weeks, the amounts are £7,100 and £1,700 less respectively. These estimates are based on using the unit costs given in SURUSS 12 increased by 25% to allow for inflation. Overall, therefore, the addition of PlGF at 11-13 weeks is probably worthwhile, given the improvement in screening performance with little or no increased cost per Down syndrome pregnancy diagnosed.
Conclusion
This study, based on 532 Down syndrome pregnancies, is the largest to have investigated the value of PlGF in antenatal screening for Down syndrome. It shows that PlGF is a useful Down syndrome screening marker in the late first trimester of pregnancy but of little value when measured in the early second trimester. Women having a Combined, serum Integrated or Integrated test should have PlGF measured in the first trimester and women having the Quadruple test need only have PlGF measured in the second trimester if the intention is to screen for pre-eclampsia as well as for Down syndrome.
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